1. Introduction {#s1}
===============

Neuropathic pain (NeuP) has multiple pathophysiological mechanisms that represent potential targets for tailored therapy. Because NeuP is defined as pain caused by a lesion or disease affecting the somatosensory system,^[@R39]^ there have been attempts to identify sensory phenotypes that may reflect these pathophysiological mechanisms^[@R38]^ and to identify NeuP biomarkers. For example, sensory function is lost or reduced in a group of patients, which might be indicative of deafferentation (DA), whereas other patients have evidence of preserved small-fiber function and associated hypersensitivity, a pattern termed the "irritable nociceptor" (IN).^[@R9],[@R13]^

There exist several types of painful neuropathies in patients with diabetes, but painful diabetic distal symmetrical sensory-motor polyneuropathy (pDSPN) as a variant of a typical symmetrical length-dependent DSPN is the most frequent. The findings that characterize pDSPN compared with painless DSPN (nDSPN) have been addressed in many studies, mainly with the goal of better understanding the mechanisms of NeuP in pDSPN, determining risk markers for pain development, and targeting therapy.^[@R3],[@R32]^ The results, however, are mixed and sometimes even controversial, partly because of sample heterogeneity and small sample sizes.^[@R3]^ A recent cross-sectional observational study in a large cohort of patients with DSPN gave the first robust results, providing the rationale for a further phenotyping of pDSPN.^[@R38]^ These results included that pDSPN severity was positively correlated with pain.

To investigate further the question of why some persons with DSPN report no pain while the same disease leads to severe pain in others, we aimed to characterize sensory phenotypes together with clinical and neurophysiological parameters possibly affecting the development of NeuP in a large and well-defined cohort of patients with DSPN. Our objectives were to identify the pattern of symptoms and signs of large and small-fiber dysfunction that would distinguish pDSPN and nDSPN.

2. Material and methods {#s2}
=======================

2.1 Study design and patients {#s2-1}
-----------------------------

This observational, cross-sectional, multicenter cohort study was part of the international "ncRNAPain consortium" (<http://www.ncrna-pain.eu/>). It was approved by the respective local authorities: the Ethical committees of the University Hospital Brno (No.602133), and the Rhineland---Palatinate medical association (9142-F), and registered at the German Clinical Trials Register; <https://www.germanctr.de/> (Registration Number DRKS00008964).

Patients with diabetes mellitus type 1 or 2 older than 18 years with diagnosed DSPN, or patients with symptoms and signs suggestive of DSPN were recruited from 2 University Diabetes Centers in Brno (Czech Republic), from the Departments of Neurology and Anesthesiology in Würzburg and Department of Neurology in Mainz (Germany), and referred for a single clinical assessment to one of 3 study centers (Departments of Neurology in Brno, Wurzburg, and Mainz). Patients who were referred to our centers were consecutively recruited between January 2015 and June 2016 and agreed to participate in the study. All participants signed written informed consent before inclusion.

All patients first underwent evaluation to confirm the diagnosis of DSPN and their eligibility for the study. During this assessment, patients reported their medical and drug history in detail. They also reported on their age, ethnicity, education, employment status, medical history, date of diabetes diagnosis, its type and treatment. Alcohol consumption was quantified using standard drinks with a cutoff of 3/2 standard drinks/day in men/women.^[@R28]^ Basic clinical parameters were measured for each participant (weight, height, body mass index, and blood pressure). All patients also underwent basic blood tests to exclude other causes of polyneuropathy (vitamin B12 and folate levels, thyroid hormones, serum protein electrophoresis, blood count, serum creatinine, bilirubin and transaminases), glycosylated haemoglobin (HbA1C), and serum lipid spectrum. A structured neurological examination was conducted to assess clinical signs and symptoms of DSPN. Nerve conduction studies (NCS) and skin biopsy with evaluation of intraepidermal nerve fiber density (IENFD) (performed in patients who did not comply with NCS criteria for DSPN--9 cases) were conducted to confirm the diagnosis of DSPN.

Exclusion criteria were:(1) NeuP due to other cause than DSPN(2) Central nervous system lesions(3) History or presence of laboratory abnormalities indicating a disease, condition, or treatment that might be a potential cause of polyneuropathy other than diabetes.

Included were patients with a combination of symptoms (decreased sensation, positive sensory symptoms, like burning or aching pain, mainly in the toes, feet, or legs) or signs (decreased distal sensation, decreased or absent ankle reflexes) of distal symmetrical sensory-motor diabetic neuropathy and abnormalities in either NCS or IENFD, who complied with the criteria for definite DSPN.^[@R37]^

Subjects meeting study inclusion and exclusion criteria then underwent quantitative sensory testing (QST), pain assessment, and evaluation of neuropathy severity and neuropsychological scores and questionnaires. Recruitment of study participants and the criteria used to subdivide the study participants into the different subgroups are shown in the flow diagram (Fig. [1](#F1){ref-type="fig"}).

![Flow diagram of study participant recruitment and the criteria to subdivide the study participants into the different subgroups. \*Diagnosis was made outside one of the centres participating in the study. DM1, diabetes mellitus type 1; DM2, diabetes mellitus type 2; DSPN, diabetic polyneuropathy; IENFD, intraepidermal nerve fiber density; NCS, Nerve conduction studies; NeuP, Neuropathic pain; NRS, numerical rating scale; QST, quantitative sensory testing.](jop-158-2340-g001){#F1}

### 2.2. Structured neurological examination {#s2-2}

A comprehensive neurological examination included assessment of light touch (using a brush), pain (pinprick), temperature (TipTherm) and vibration sensation (tuning fork), deep-tendon reflexes, muscle bulk, and motor power using a motor Medical Research Council (mMRC) scale^[@R25]^ modified by professors Sommer and Üçeyler (August 2013, unpublished). The mMRC scoring was extended to the following muscle pairs: elbow extensors, finger extensors, fingers spreading muscles, foot plantar flexors, big toe extensors, and big toe plantar flexors to better account for distal pareses. The mMRC sum score thus ranges from 0 ("total paralysis") to 120 ("normal strength"). Autonomic signs and symptoms in the limbs (color changes, sweating, skin temperature, trophic changes) were also assessed.

### 2.3. Nerve conduction studies {#s2-3}

The extent of electrophysiological examination was set to comply with the American Association of Electrodiagnostic Medicine (AAEM) definition of distal neuropathy for research purposes.^[@R11]^ Motor NCS of the peroneal, tibial, and ulnar nerves, including 10 consecutive F-waves, antidromic sensory nerve conduction of the sural and radial nerve, and concentric needle electromyography from at least 2 distal lower-extremity muscles and 1 distal upper-extremity muscle, were performed in a standard manner.^[@R2]^ The results were processed according to published reference values accepted by our EMG laboratories.^[@R20]^

### 2.4. Skin biopsy for intraepidermal nerve fiber density assessment {#s2-4}

All skin biopsies were processed in the Brno laboratory. Skin punch biopsy samples were taken from the distal calf, approximately 10 cm above the right lateral malleolus. Frozen sections of 50 μm thickness were cut and immunostained with rabbit polyclonal antibodies to human PGP-9.5 (1:200; Ultraclone, Wellow, United Kingdom) as primary antibody and goat anti-rabbit IgG labelled with fluorescein probe as secondary antibody (1:100; Chemicon, Temecula, CA). The details of specimen removal and staining techniques have been published^[@R43]^ and follow standard recommendations.^[@R22]^ The average IENFD per millimeter of epidermal length was calculated according to current guidelines.^[@R22]^

### 2.5. Quantitative sensory testing {#s2-5}

Skin and muscle sensitivity was tested using the standardized test battery for QST published by the German Research Network on Neuropathic Pain (Deutscher Forschungsverbund Neuropathischer Schmerz, DFNS).^[@R27]^ The standardized quantitative sensory testing assessment published by the DFNS contained 13 different thermal and mechanical tests: cold detection thresholds (CDT); warm detection thresholds (WDT); paradoxical heat sensations (PHS) during the procedure of alternating warm and cold stimuli (thermal sensory limen \[TSL\]); cold pain thresholds (CPT) and heat pain thresholds (HPT); mechanical detection thresholds for touch (MDT) and vibration (VDT); mechanical pain thresholds (MPT) for pinprick and pressure pain thresholds (PPT); a stimulus--response--function for pinprick sensitivity (mechanical pain sensitivity \[MPS\]); and dynamic mechanical allodynia (DMA) as well as pain summation to repetitive pinprick stimuli (wind-up ratio). All tests were performed on the dorsum of the foot, except for PPT (sole) and VDT (medial malleolus) on the right.

The Czech version of DFNS instructions have recently been validated, and the applicability of published reference values^[@R23]^ has been confirmed for the Czech population.^[@R36]^ For all parameters, negative (loss of function) as well as positive (gain of function) phenomena were assessed. Definition of QST abnormalities were based on DFNS recommendations^[@R24]^: if the individual z-values were outside of the 95% confidence interval of the reference group (ie, z-scores \>1.96 or \<−1.96), the values were designated as absolute abnormalities.

### 2.6. Pain assessment {#s2-6}

Assessment of any pain was performed during neurological examination and included its descriptors, distribution, pain duration, intensity, time course, and analgesic treatment. Based on clinical evaluation and results of additional tests (QST, NCS, IENFD), pain in every patient was classified as NeuP and nonneuropathic using the International Association for the Study of Pain (IASP)/Neuropathic Pain Special Interest Group (NeuPSIG) definition.^[@R39]^

Severity of NeuP was quantified using an 11-step numerical rating scale (NRS). We assessed current pain intensity, mean, and minimum and maximum pain intensity during the preceding week. Ongoing analgesic therapy was not stopped before the assessment.

Patients with DSPN were further classified as pDSPN and nDSPN. Participants classified as pDSPN had to have chronic (ie, ≥3 months) peripheral NeuP at the time of the clinical assessment and to meet the criteria of probable or confirmed NeuP according to the updated IASP grading system.^[@R14]^

The severity of NeuP was rated according to the mean NRS during the last week before clinical examination. Study participants were thereafter allocated into 3 groups based on the mean pain intensity last week score: 0: no NeuP (nDSPN); 1 to 3: mild NeuP (pDSPN-m); and 4 to 10: moderate to severe NeuP (pDSPN-s).

In addition, pain and its impact on everyday life activities was quantified and characterized using the Graded Chronic Pain Scale (GCPS).^[@R44]^ The Neuropathic Pain Symptom Inventory (NPSI),^[@R6]^ a self-administered questionnaire, was applied to evaluate NeuP symptoms. We used the Czech and German validated versions of the NPSI.^[@R30],[@R35]^

### 2.7. Neuropathy severity and neuropsychological scores and questionnaires {#s2-7}

The modified Toronto Clinical Neuropathy Score (mTCNS) was applied as a tool to quantify DSPN. It consists of 6 symptoms scores and 5 sensory test scores, summarized as sum score of symptoms (0-18 points), sum score of sensory tests (0-15 points) and total sum score (0-33 points), and correlates with diabetic neuropathy severity.^[@R7]^ Similarly, the INCAT Overall Disability Sum Score (ODSS) was used to quantify disability in DSPN.^[@R25]^

The Beck Depression Inventory II (BDI II) and the State-Trait Anxiety Inventory Y (STAI Y) were used to measure symptoms of depression and anxiety.^[@R34]^ The Pain Catastrophizing Scale (PCS) was used to assess negative cognitions and appraisals of pain.^[@R26]^

### 2.8. Standardization of performed evaluations {#s2-8}

During the preparation phase of the study, investigators from all 3 centers had 2 meetings focused on the standardized use of all tests and scores, on the use of validated versions of the questionnaires in Czech and German, and on the interpretation and possible pitfalls of all individual items of scores and tests. Evaluation of most of the tests and scores was done by 1 researcher in the Mainz (C.R.) and Würzburg (N.Ü.), and by 3 researchers in the Brno center (J.R., I.S., and I.K.), where the greatest part of the study group was recruited. The data were submitted to a common online database, which forces complete data entry and includes plausibility checks, and data were discussed in regular meetings.

### 2.9. Statistical evaluation {#s2-9}

Standard measures of summary statistics were applied to describe primary data: Continuous parameters were summarized as median (5th-95th percentile range) or mean ± SD. Categorical parameters are expressed as absolute and relative frequencies.

*P* value represents the comparison of patients with different levels of pain (Kruskal--Wallis test for continuous variables and Fisher exact test for categorical variables). Normal distribution of continuous variables was inspected by graphical tools and confirmed by the Shapiro--Wilks test. The diagnostic power of potential predictors and final model scores were assessed on the basis of receiver operating characteristics (ROC) curves. The ROC analysis was performed using an ROC web calculator^[@R10]^ for curve fitting, SPSS 24.0.0.0.1 (IBM Corporation, 2016) for the area under the curve (AUC) computation and testing and MedCalc 11.1.0.0 (MedCalc Software 1993-2009) for computation of positive and negative predictive value. Significance of ROC analysis was based on the calculated AUC with corresponding 95% confidence interval. The computation was based on binormal assumption. The analyses used logistic regression models to quantify the association between potential predictors and the end point. Both a univariate-adjusted and a multivariate-adjusted approach were followed. The models used maximum likelihood estimation directly comparing the likelihood L0 for the null model when all slope parameters are zero, with the likelihood L1 of the fitted model. Significance of regression coefficients was tested by the help of Wald statistics, which is based on the asymptotic normality property of maximum likelihood estimates (tested on the basis of Chi-square distribution). Spearman correlation analysis was performed to explore associations between findings, clinical scores or pain intensities. The propensity score matching method was used to match subgroups.

3. Results {#s11}
==========

3.1. Study participants {#s3-1}
-----------------------

Of 258 assessed patients, 232 study participants with DSPN were included (Fig. [1](#F1){ref-type="fig"}). Ten subjects did not meet the criteria for DSPN and 16 subjects met exclusion criteria. According to the presence and intensity of NeuP, study participants were divided into 3 groups: nDSPN (n = 74), (pDSPN-m) (n = 52), and pDSPN-s (n = 106); 66 of the latter had severe pain (NRS ≥ 6). In 21 pDSPN-m patients who responded to analgesic therapy, NRS before administration of analgesic therapy was reported to be ≥4.

3.2. Demographics and diabetes characteristics {#s3-2}
----------------------------------------------

Most participants had type 2 diabetes (172 cases; 74.1%). The median age was 63 (range 21-87) years, and all participants were white, with 92 women (39.7%). Table [1](#T1){ref-type="table"} summarizes demographic and clinical data in relation to subtyping of NeuP. Women were overrepresented in pDSPN-s compared with nDSPN (*P* = 0.017).

###### 

Summary of demographic and clinical parameters.

![](jop-158-2340-g002)

![](jop-158-2340-g003)

Laboratory data are given in Table [2](#T2){ref-type="table"} (with possible relation to diabetes) and Suppl. Table 1 (additional laboratory data; available online at <http://links.lww.com/PAIN/A474>). Regarding diabetes mellitus--related data, the only difference between pDSPN and nDSPN was the higher number of abnormally increased serum creatinine (*P* \< 0.015) and abnormally decreased estimated glomerular filtration rate (*P* = 0.036) as markers of possible diabetic nephropathy in pDSPN.

###### 

Summary of laboratory parameters (related to diabetes).

![](jop-158-2340-g004)

3.3. Pain characteristics and questionnaires {#s3-3}
--------------------------------------------

All pDSPN patients reported descriptors typical of neuropathic pain.^[@R6],[@R15]^ In all cases, pain was present symmetrically and distally in the feet, and in some patients, also in the hands.

Study participants in all groups reported additional pain of nonneuropathic origin, mostly low back pain, musculoskeletal pain, or headache (Table [3](#T3){ref-type="table"}).

###### 

Summary of pain-related parameters, questionnaires, and neuropsychological scales.

![](jop-158-2340-g005)

As expected from the group definition, patients classified as pDSPN-s had higher NeuP intensities (Table [3](#T3){ref-type="table"}) in comparison with those classified as pDSPN-m. Similarly, all subscores and the summary disability score of GCPS and the GCPS classification grade showed higher values in pDSPN-s compared with pDSPN-m and nDSPN.

Study participants with pDSPN-s reported greater severity of symptoms across all parameters of the NPSI compared with those with pDSPN-m (Table [3](#T3){ref-type="table"}).

Psychological scales reflecting pain catastrophizing, depression, and anxiety (PCS, BDI II, STAI-S, and STAI-T) were higher (sum scores and some individual items) in pDSPN compared with nDSPN (BDI II, STAI-S, and STAI-T), and showed higher scores (PCS) in pDPS-s compared with pDSPN-m (Table [3](#T3){ref-type="table"}).

3.4. Analgesic treatment {#s3-4}
------------------------

There was increased reported analgesic use in study participants with NeuP, and especially of those analgesics specific for treatment of neuropathic pain, that is, gabapentinoids and serotonin-norepinephrine reuptake inhibitors (mostly duloxetine) (Suppl. Table 2, available online at <http://links.lww.com/PAIN/A474>). These analgesics were prescribed only in a very small number of patients with nDSPN (in 4 patients---5.4%). Of 158 patients with pDSPN, 70 patients were treated with standard analgesics recommended in painful diabetic neuropathy, whereas 88 subjects received either nonrecommended analgesia or no treatment (Suppl. Table 2, available online at <http://links.lww.com/PAIN/A474>).

3.5. Clinical examination {#s3-5}
-------------------------

Qualitative and semiquantitative sensory examination disclosed more frequent abnormalities representing loss of function (hypo/anesthesia) in pDSPN-s in comparison with nDSPN (cold and warm hypoesthesia, *P* \< 0.006 and \<0.011; pallhypoesthesia, *P* ≤ 0.006), and in comparison with the pDSPN-m subgroup (tactile hypoesthesia and mechanical hypoalgesia, *P* \< 0.001) (Suppl. Table 3, available online at <http://links.lww.com/PAIN/A474>). Motor deficits expressed as the mMRC score of the lower extremities were greater in pDSPN-s compared with both nDSPN and pDSPN-m (*P* \< 0.001). Autonomic signs/symptoms were not different between pain subgroups (Suppl. Table 3, available online at <http://links.lww.com/PAIN/A474>).

3.6. Quantitative sensory testing {#s3-6}
---------------------------------

A substantial proportion of individual Z-scores in patients with DSPN fell outside the normative range (below −2 z-score). Group comparisons revealed differences in the loss of function direction in all 3 subgroups with the lowest z-score values (greatest loss) in pDSPN-s and the highest z-score values (the least loss) in nDSPN. We found differences between pDSPN-s and nDSPN for all thermal QST modalities (CDT, WDT, TSL, CPT, and HPT; *P* \< 0.01), but also between pDSPN-s and pDSPN-m (CDT, WDT, TSL, and HPT; *P* \< 0.05), and between pDSPN-m and nDSPN (WDT and TSL; *P* \< 0.01, CDT; *P* \< 0.05) (Suppl. Table 4, available online at <http://links.lww.com/PAIN/A474>; Fig. [2](#F2){ref-type="fig"}).

![Median and interquartile ranges of Z-scores for thermal QST parameters in patients with no neuropathic pain, mild and moderate/severe neuropathic pain. Kruskal--Wallis test, post hoc comparisons: \**P* \< 0.05, \*\**P* \< 0.01. CDT, cold detection threshold; CPT, cold pain threshold; HPT, heat pain threshold; QST, quantitative sensory testing; TSL, thermal sensory limen; WDT, warm detection threshold.](jop-158-2340-g006){#F2}

Quantitative sensory testing parameters for sensation of mechanical stimuli showed the same trend with less pronounced differences between subgroups. Group comparisons revealed a greater loss for MDT in pDSPN-s compared with nDSPN (*P* \< 0.01) and pDSPN-m (*P* \< 0.05), for MPS and MPT in pDSPN-s compared with nDSPN (*P* \< 0.01, and *P* \< 0.05, respectively) (Suppl. Table 4, available online at <http://links.lww.com/PAIN/A474>; Fig. [3](#F3){ref-type="fig"}).

![Median and interquartile ranges of Z-scores for mechanical QST parameters in patients with no neuropathic pain, mild and moderate/severe neuropathic pain. Kruskal--Wallis test, post hoc comparisons: \**P* \< 0.05, \*\**P* \< 0.01. MDT, mechanical detection threshold; MPS, mechanical pain sensitivity; MPT, mechanical pain threshold; PPT, pressure pain threshold; VDT, vibration detection threshold; WUR, wind-up ratio.](jop-158-2340-g007){#F3}

We did not observe a higher proportion of "gain" abnormalities in pDSPN with the exception of DMA and PHS (*P* \< 0.05) (Fig. [3](#F3){ref-type="fig"}). Dynamic mechanical allodynia was found in 12 patients with pDSPN (7.6%), that is, in 8 (7.5%) patients with pDSPN-s and 4 (7.7%) patients with pDSPN-m. The patients with allodynia did not differ regarding demographic and clinical data, other QST data, NCS, and severity of DSPN (data not shown). In the NPSI, 31.9% of patients with pDSPN reported evoked pain (ie, allodynia), but only 7.6% had clinical evidence of brush-evoked allodynia. Paradoxical heat sensations was observed in all groups and was more frequent in pDSPN-s (53.8%) compared with pDSPN-m and nDSPN (*P* \< 0.05) (Suppl. Table 4, available online at <http://links.lww.com/PAIN/A474>).

In summary, QST data from the feet displayed abnormalities in 93.1% of the subjects in the whole DSPN cohort. The percentage of any QST abnormality was higher in pDSPN compared with nDSPN (*P* \< 0.05, Suppl. Table 4, available online at <http://links.lww.com/PAIN/A474>). The frequency of abnormal QST values (below 2 SD of healthy controls) is shown in Fig. [4](#F4){ref-type="fig"}. The overall pattern for both thermal and mechanical parameters expressed both as a mean z-score and proportion of patients with abnormal results was of "loss of function" type.

![Loss and gain of functions (based on QST values outside the normal range according to DFNS reference data) in patients with no neuropathic pain, mild and moderate/severe neuropathic pain (body region--foot). Fisher exact test, post hoc comparison: \**P* \< 0.05, \*\**P* \< 0.01. CDT, cold detection threshold; CPT, cold pain threshold; DFNS, Deutscher Forschungsverbund Neuropathischer Schmerz; DMA, dynamic mechanical allodynia; HPT, heat pain threshold; MDT, mechanical detection threshold; MPS, mechanical pain sensitivity; MPT, mechanical pain threshold; PHS, paradoxical heat sensation; PPT, pressure pain threshold; QST, quantitative sensory testing; TSL, thermal sensory limen; VDT, vibration detection threshold; WDT, warm detection threshold; WUR, wind-up ratio.](jop-158-2340-g008){#F4}

The concept of the "irritable nociceptor" profile is of a sensory phenotype with preserved small-fiber function (cold, warm, and pinprick sensitivity) together with hyperalgesia, whereas the "deafferentation" profile is dominated by thermal or mechanical sensory loss (irrespective of the presence of gain).^[@R3],[@R18]^ In pDSPN, using this definition, a DA profile prevailed (found in 53.8%), whereas an IN profile was less frequent (in 14.6%); 31.6% of patients did not fall into any of these definitions.

The comparison of subgroups of patients with painful DSPN with different sensory QST profiles showed that those with a DA profile had a higher severity of neuropathy (expressed as mTCNS scores, *P* \< 0.001), longer duration of pain associated with DSPN (*P* \< 0.001), and higher NPSI and GCPS sum scores (*P* \< 0.001) (Table [4](#T4){ref-type="table"}).

###### 

Comparison of patient characteristics between sensory QST phenotypes in painful DSPN patients.
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3.7. Severity of diabetic neuropathy {#s3-7}
------------------------------------

The modified Toronto Clinical Neuropathy Score scores indicated a higher degree of disability in patients with pDSPN-s compared with pDSPN-m and nDSPN (Table [5](#T5){ref-type="table"}). Namely, all individual symptom items and the mTCNS sum score of symptoms and the mTCNS total sum score discriminated all pain subgroups (*P* \< 0.001), whereas the mTCNS sensory tests were able to discriminate pDSPN-s only (with the exception of thermal sensation that showed differences between all 3 subgroups) (*P* \< 0.001) (Table [5](#T5){ref-type="table"} and Fig. [5](#F5){ref-type="fig"} and Suppl. Fig. 1, 2; available online at <http://links.lww.com/PAIN/A475>).

###### 

Severity of diabetic neuropathy (mTCNS and ODSS scores).

![](jop-158-2340-g010)

![Median and interquartile ranges of modified Toronto Clinical Neuropathy Score (mTCNS) total score in patients with no neuropathic pain, mild and moderate/severe neuropathic pain. Kruskal--Wallis test, post hoc comparison: \**P* \< 0.05, \*\**P* \< 0.01.](jop-158-2340-g011){#F5}

Similarly, the ODSS discriminated all 3 pain subgroups (legs score and sum score) or the pDSPN-s subgroup (arms score, *P* \< 0.001; Table [5](#T5){ref-type="table"} and Suppl. Fig. 3, available online at <http://links.lww.com/PAIN/A475>), and the ODSS sum score correlated with severity of pain (*r* = 0.60; *P* \< 0.001).

3.8. The relation between clinical examination and quantitative sensory testing {#s3-8}
-------------------------------------------------------------------------------

Quantitative sensory testing thermal and mechanical parameters correlated well with the clinical scores when considering all study participants, that is, including those with and without NeuP (Suppl. Table 5, available online at <http://links.lww.com/PAIN/A474>). The mTCNS sum score correlated negatively with QST z-scores (*P* \< 0.01 for CDT, WDT, TSL, CPT, HPT, MPT, MPS, MDT, and VDT; *P* \< 0.05 for PPT and wind-up ratio). Similarly, the ODSS sum score correlated negatively with most QST z-scores (*P* \< 0.001 for CDT, WDT, TSL, CPT, HPT, and MPS; *P* \< 0.05 for MPT). Finally, the mMRC sum score correlated negatively with most thermal QST z-scores (*P* \< 0.01 for CDT, WDT, TSL; *P* \< 0.05 for CPT). Therefore, the higher the clinical scores, that is, more severe the DSPN, the greater was the loss of sensation on QST parameters. The correlation was stronger for thermal QST parameters.

3.9. Nerve conduction studies and skin biopsies {#s3-9}
-----------------------------------------------

Nerve conduction studies were abnormal in all but 7 DSPN cases, in whom the diagnosis of DSPN was based on abnormal IENFD findings. There were no differences in any of the evaluated NCS parameters between pain subgroups (Suppl. Table 6, available online at <http://links.lww.com/PAIN/A474>).

IENFD was determined in 9 DSPN cases with normal NCS and was abnormal in 7 cases, in whom the diagnosis of DSPN was based on IENFD decrease; the median IENFD was 2.8 (range 0-10.0) fibers/mm.

3.10. Logistic models to predict pain {#s3-10}
-------------------------------------

Using multivariate logistic regression analysis and the most robust independent predictors (mTCNS total score ≥7, mMRC leg total score \<60, WDT z-score \<1.5 and abnormal serum creatinine), it was possible to find a model predicting the presence of NeuP with high sensitivity (\>90%) and moderate specificity (76%) (Table [6](#T6){ref-type="table"}). Accuracy of the predictive models in terms of sensitivity, specificity, and positive and negative predictive value was even higher in model 2, predicting/discriminating pDSPN with severe pain compared with painless cases and based on DSPN severity predictors (mTCNS total score ≥7, and ODSS total score \>1; Table [6](#T6){ref-type="table"}).

###### 

Multivariate logistic regression predictive models and its accuracy.
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As mTCNS scores reflecting neuropathy severity seem to be the strongest predictors of NeuP, we compared characteristics of the pDSPN and nDSPN subgroups matched for the severity of neuropathy. Patients with pDSPN were more frequently women (*P* \< 0.001; Suppl. Table 7, only selected parameters with significant differences included; available online at <http://links.lww.com/PAIN/A474>).

4. Discussion {#s4}
=============

This study reports detailed phenotyping using structured neurological examination and QST in a well-defined largest-ever published cohort of patients with DSPN. Key findings are that the presence and severity of NeuP was associated with more advanced diabetic neuropathy leading to higher disability and more frequent and advanced dysfunction of sensory fibers. No correlation was found between NeuP and factors related to diabetes and its control with the exception of laboratory signs of nephropathy. Our study, conducted in a large independent cohort, confirms key findings of a recent large-scale cohort study of DSPN subjects,^[@R38]^ and adds additional information.

There is a continuous effort to uncover distinct sensory profiles specific not only for the presence of NeuP as such, but also for predicting the response to therapy. Quantitative sensory testing findings in previous studies revealed a heterogeneity of sensory profiles in different pain syndromes, and some sensory profiles have been suggested to represent specific pathophysiological mechanisms.^[@R4],[@R24]^ In a large cohort of 343 patients with painful polyneuropathy of different etiologies, 83.4% had a QST abnormality.^[@R24]^ Gain-of-function abnormalities were found in 31.2% and loss-of-function abnormalities in 72.9%.^[@R24]^ In previously described DSPN cohorts, loss-of-function abnormalities of small fiber--mediated and large fiber--mediated sensory modalities disclosed by not only QST, but also by clinical and electrophysiological methods was predominant, whereas gain-of-function abnormalities were only found in a minority,^[@R21],[@R42]^ which corresponds to our findings.

Correlations of thermal QST abnormalities (CDT and WDT thresholds) with the severity of NeuP in patients with diabetic neuropathy have been reported previously in a smaller study.^[@R21]^ Others^[@R41]^ suggested that severe neuropathy is associated with an increased risk of developing pDSPN, although their small cohort was hospital-based and thus selective. In a cohort of diabetic patients with a low prevalence of neuropathy, pDSPN was more likely to occur in those with clinically manifest neuropathy.^[@R31]^ In a smaller community-based study, 51 patients with pDSPN had a higher severity of neuropathy compared with patients with painless DSPN.^[@R8]^

The PiNS study^[@R38]^ was the first that used the DFNS QST protocol in a large cohort of DSPN subjects with and without NeuP and correlated sensory profiles with the severity of NeuP, measures of neuropathy severity, and disability. In this study, the QST pattern of diabetic neuropathy was consistent with loss of function in both large and small sensory fibers. Furthermore, study participants with moderate to severe NeuP had the greatest loss of function in QST and more severe neuropathy assessed with neuropathy disability scores.^[@R38]^ Our results are in concordance with all these findings. The DA QST profile was predominant in our patients with pDSPN, and the frequency and severity of thermal loss correlated not only with the presence and severity of NeuP, but also to severity of neuropathy and disability. Gain-of-function sensory abnormalities in general were rare in pDSPN in both the PiNS and our study. Dynamic mechanical allodynia was the only gain-of-function abnormality in the PiNS, whereas we also observed a high frequency of PHS, in concordance with the findings of Maier et al.^[@R24]^ Paradoxical heat sensations was more frequent in our patients with moderate to severe pain. This is plausible because PHS represent disturbances of thermal processing in the peripheral or central nervous system. Such disturbances were recently reported as a typical component of a "loss of function" QST sensory cluster in neuropathic pain syndromes including polyneuropathies.^[@R4]^ The IN pattern, recently described as a "thermal hyperalgesia" sensory cluster,^[@R4]^was only present in a minority of our patients with painful DSPN (13.6%), although not so rarely as in the PiNS study (6.3%).^[@R38]^ Similar to the PiNS study,^[@R38]^ the DA profile prevailed in our study. Patients with the IN profile showed lower neuropathy disability scores, shorter duration of pain, higher level of pain catastrophizing, and different characteristics of pain associated with lower GCPS and NSPI scores in comparison with most patients with pDSPN with the DA profile. Further research is needed to confirm whether or not the IN profile might represent a promising target for stratification of patients for analgesic treatment and future drug trials.

Correlations between NeuP and hyposensitivity to small-fiber--mediated thermal perception in both our and the PiNS study, and the absence of any correlation between NeuP and NCS underline the importance of small-fiber loss or dysfunction for the generation of pDSPN. The subpopulation of pDSPN subjects with less hyposensitivity to thermal and mechanical pain stimuli, either manifesting as the IN profile or displaying gain-of-function abnormalities like DMA or PHS, might represent a subgroup with specific mechanisms of NeuP.

Study participants with more severe NeuP reported higher scores for anxiety, depressive symptoms, and pain catastrophizing, and also more frequently reported other chronic pain compared with the study participants with no NeuP and mild NeuP. The association of emotional distress with the severity of NeuP in DSPN, although not indicating causal relationship, is in concordance with a previous study that reported a high prevalence of depression and anxiety in pDSPN, and which underlined the necessity to integrate these psychological factors into treatment of NeuP in DSPN.^[@R29]^

As for demographic factors, the proportion of women displaying severe NeuP was higher compared with men. The "risk factor" female sex was already reported several times.^[@R1],[@R12],[@R17],[@R19]^ The influence of age, reported by some studies,^[@R18],[@R40],[@R45],[@R46]^ was neither confirmed in our study nor in PiNS study.^[@R38]^

Unsatisfactory diabetes control, usually expressed as elevated HbA1c levels, and other factors associated with diabetes have been repeatedly associated with the development of DSPN, whereas association of factors related to diabetes with painful DSPN discussed is contradictory.^[@R32]^ Among factors related to diabetes reported as associated with increased risk of pain in some studies, but not confirmed in the others, were diabetes duration,^[@R17]--[@R19],[@R31],[@R40]^ diabetes type 1^[@R19]^ and type 2,^[@R1]^ dyslipidemia (low high density lipoproteins,^[@R40]^ increased triglycerides^[@R40]^), obesity, increased weight, body mass index or waist circumference,^[@R33],[@R40],[@R45],[@R46]^ peripheral arterial disease,^[@R45],[@R46]^ and nephropathy.^[@R40]^ The PiNS study reported higher levels of HbA1c in painful DSPN^[@R38]^ as the only parameter related to pain, although the association was not as robust as in the other factors, such as severity of neuropathy. In our study, we were not able to confirm an association of painful neuropathy with any of these parameters with the exception of a higher proportion of increased creatinine serum levels or decreased estimated glomerular filtration rate as a sign of nephropathy in patients with pain. Increased serum level of methylgyoxal has been shown in painful diabetic neuropathy^[@R5]^ and knockdown of glyoxalase 1 in mice causes alterations in kidney morphology indistinguishable from those caused by diabetes,^[@R16]^ but the possible link between pain and nephropathy in diabetes is still unclear.

In our study, several factors were associated with the presence and severity of NeuP. We calculated a predictive model including the most important independent predictors of pDSPN. This model included neuropathy severity (mTCNS total score, motor function in the legs \[mMRC\]), pain catastrophizing and anxiety (PCS and STAI-T total scores), and loss of C-fiber function (WDT). The model was able to predict the presence of pain in DSPN with excellent sensitivity and moderate specificity.

One of the limitations of our study was that the pain scoring was not based on a diary, but on a one-time assessment. As analgesic therapy was not stopped before assessment of pain severity, it might have influenced subclassification of painful cases into pDSPN-m and pDSPN-s subgroups. In fact, 21 painful DSPN cases who reported mild pain in the last week before assessment (the mean NRS during the last week between 1 and 3 points), reported pain of higher severity (NRS \>4) before administration of analgesic treatment. Numerical rating scale values reported retrospectively with a delay of several months or years are, however, less reliable for subclassification of painful cases.

Despite the fact that patients were included consecutively into the study, the proportion of painful cases is higher than expected. This might be due to a higher motivation of patients with painful DSPN to participate.

The presence of foot pain that per definition must not be present in the painless cases was one of the items of mTCNS that were used to compare severity of neuropathy between painless and painful DSPN subgroups. This fact might slightly influence the differences in mTCNS symptoms and total scores, but not the mTCNS sensory tests subscore or the conclusion concerning the influence of severity of neuropathy on pain presence and severity in DSPN.

In conclusion, NeuP presence and severity is related to neuropathy severity, predominant thermal sensory loss, female sex, and nephropathy. It is also associated with levels of anxiety, depressive symptoms, and pain catastrophizing. A minority of pDSPN subjects display gain QST abnormalities. Different sensory profiles might represent distinctive pathophysiological mechanisms of NeuP in diabetes and new target populations for future pain trials.
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